Abstract: Global Positioning System (GPS) is an important component for marine vehicle navigation. However, GPS may not be reliable or even available in some situations, since GPS signals can be easily blocked or reflected by large structures and they are susceptible to jamming and spoofing attacks. In fact, radar is one of the standard navigation instruments, and radar measurements can be utilized for vehicle localization by coastline matching into a prior map. In this paper, a radar-based localization via automatic map matching is proposed for unmanned surface vehicle (USV) navigation in a littoral area. A pulse radar is employed to collect surrounding coastline information, and relative position of the vehicle with respect to the pre-built map is estimated by coastline matching. Field experiments using a USV with an onboard radar in a real sea environment were performed to verify and demonstrate the performance of the proposed navigation approach.
INTRODUCTION
Accurate navigation (or localization) is an essential capability for vehicle navigation. An integrated navigation system based on an inertial navigation system (INS) and global positioning system (GPS) is the widely used navigation system. However, GPS signals are vulnerable to both intentional and unintentional jamming, and thus they may not always be available. Recently, malicious GPS jamming attacks are an increasing problem in territorial coastal waters in Korea, and thus an alternative navigation is required to perform safe navigation.
In fact, marine radar is one of the standard navigational aids for surface ships, and this can be used for relative navigation as a viable alternative to GPS. To be more specific, relative position of a vehicle with respect to static obstacles and structures in the surrounding environment such as bridge structures, land masses and coastlines can be utilized for vehicle navigation. In particular, coastlines are suitable landmark features in marine environments which can be extracted from radar measurements. They are fixed in absolute coordinate, and thus the motion of a vehicle can be effectively estimated from position changes of the vehicle with respect to the coastlines.
In this study, we address a radar-based navigation method by automatic coastline matching using an onboard pulse radar. The coastlines are detected from radar measurements and these are utilized for scan matching to find the vehicle's position in a prior map. An extended Kalman filter (EKF) is employed to combine dead-reckoning and the obtained radar-based position fixes for vehicle localization. The proposed method comprises three-steps. The first step is the recognition of coastlines using radar measurements. A series of image processing procedures is applied to each radar image to find coastlines. In the second step, coastline registration by scan matching is performed to find the vehicle's position in a prior coastline map. To build the prior map, an offline occupancy grid mapping was implemented using multiple scanned radar images. The third step involves online estimation by combining deadreckoning and map-based position information using an EKF.
RELATED WORK
Robust vehicle localization is an essential capability to perform a number of robotic applications. An integrated GPS/INS system has been applied to aerial, ground and marine vehicles for a variety of localization and mapping applications (Kalyan et al. (2005) ; Kaygisiz et al. (2003) ; Wolcott and Eustice (2014) ; Levinson and Thrun (2010) ; Scherer et al. (2012) ) When the usage of GPS is restricted, exteroceptive sensors such as cameras, lidars, radars and sonars can be utilized for vehicle navigation. An enormous amount of related research has been performed using a monocular camera (Wolcott and Eustice (2014) ; Levinson and Thrun (2010) ) or a Frequency Modulated Continuous Wave (FMCW) radar (Checchin et al. (2010) ) for ground vehicle navigation. However, a limited number of studies have been performed on marine vehicle navigation.
In more recent and relevant research, USV localization has been performed using onboard lidar (Leedekerken (2011); Papadopoulos et al. (2014) ; Han et al. (2015) ). Grid-based maps were created using a set of 2D lidars and these were incorporate into the factor graph optimization algorithm (Leedekerken (2011) ). With no additional navigation sensors, an Iterative Closest Point (ICP) was implemented using a high-performance 3D lidar for localization and mapping (Papadopoulos et al. (2014) ).
Compared to lidar sensors, radar scanners can provide superior performance in detecting surrounding obstacles over a wide range, and thus radars have been commonly used for marine vehicle applications (Bar-Shalom et al. (2004) ). A radar-based simultaneous localization and mapping (SLAM) was tried using point features such as supply ships in an off-shore environment (Mullane et al. (2010) ).
In this paper, a radar-based localization method is proposed via coastline map matching. Relative position of the vehicle with respect to a coastline map is obtained through the map matching and the position information is utilized for position fixes in a navigation filter structure. This approach enables robust vehicle navigation with no need of GPS fixes.
PROBLEM STATEMENT
The first part of the proposed localization framework is to build a prior map in the framework of occupancy grid mapping, which is to be used for online localization. For this, multiple radar data are collected from a surveying USV equipped with a radar scanner and motion sensors.
A map-based localization is implemented by registering coastlines obtained from a radar image into the pre-built map. An EKF-based filtering approach is performed to combine dead-reckoning and the registration result for vehicle navigation.
Automatic coastline detection
To extract coastlines from radar measurements, a set of image processing techniques is applied. Basically, radar data are provided by relative range and bearing of surrounding environments and these are transformed into the Cartesian coordinate. Therefore, the data need to be converted into the pixel coordinates. For this, the radar data obtained in the body-fixed frame are projected to the pixel coordinate.
To create a radar image, the domain conversion matrix from metric to pixel can be expressed as
where s is a scale factor which defines the resolution of the radar image whose unit is expressed as pixel/meter. c x and c y are an offset parameter of coordinate center between the Cartesian and pixel coordinate.
To reduce the inherent noises in ocean environments such as waves and glints of light, morphological and bilateral algorithms are applied on the radar image (Bradski and Kaehler (2008) ). Then, the filtered image is converted into binary image considering a pre-defined intensity threshold and a contour detection algorithm is applied to find polygons which include coastlines (Bradski and Kaehler (2008) ). In this research, we are interested in the radar signals reflected from coastlines including oversea bridges which are consistently detected from radar measurements. However, the obtained polygons contain noises such as marine traffic ships and sea clutters. Compared to the noises, the extracted polygons with coastlines represent over a wide area, since these signals are combined with the land reflections. Therefore, polygons whose areas are smaller than a pre-defined threshold value are ignored.
An additional procedure is applied to extract coastlines from the obtained polygons. In general, coastlines are associated with contours which are close to the vehicle in the polygons. Therefore, the pixel domain is converted to the polar coordinate, and then the nearest pixels to the vehicle are selected per azimuth angle. The overall procedure and example results are shown in Fig. 2 .
Occupancy grid mapping
While radar measurements from a single position does not provide sufficient information to build a complete coastline map of littoral areas, the perceived polygon contours can be improved by iteratively scanning the surrounding marine environment from many different positions. Due to the inherent errors of radar measurements, a probabilistic 2D occupancy grid map is employed for efficient coastline mapping and data registration by integrating multiple radar data (Elfes (1989) ). In the projected radar image, the probability that a specific grid cell (i.e., an image pixel) is occupied or not is computed using the occupancy grid mapping algorithm. To be more specific, each measurement has information to update the occupancy probability of all the grid cells within the radar range. The probability that the i th grid cell m i is occupied given the measurements z 1 , z 2 , ..., z n is defined as:
To simplify the process of updating the occupancy probability with a new measurement, the log odds l n which is the logarithm of the ratio of the occupancy probability divided by its complement is introduced. Using the log odds in the framework of Bayes filtering, the posterior belief can be calculated as proposed by Thrun and Fox (2005) : Per azimuth angle of the coordinate, the nearest pixels from the vehicle are selected and only these are used for coastline matching to find relative position of the vehicle in a pre-built coastline map.
Coastline registration
Given some initial position x k , coastline registration determines the position offset ∆x that aligns a coastline into the prior map. For this, the pixels which occupy the detected coastlines are extracted and these are incorporated into a scan-matching algorithm for the registration.
To register the extracted pixels (or points) into the prebuilt coastline map, a point-to-plane ICP algorithm is applied (Low (2004) ). The algorithm is known to provide improved registration results compared with the conventional point-to-point ICP methods when matching partial surfaces. Given two scan data (source and target points), the ICP algorithm is used to find the rigid transformation between them by minimizing the difference of corresponding points of the data. For optimizing the registration, the source points are transformed using the rigid transformation and the error to be minimized is defined as the sum of the distances from the transformed points to the tangent plane at the corresponding target point. The error function is expressed as
where P i and Q i are the i th correspondences of source and target points, respectively. n i is the surface normal vector at Q i . R and T are the homogeneous transformation parameters estimated from the ICP algorithm.
Filtering framework
The coastline registration is fairly agnostic to filtering framework, so an EKF-based localization is presented in this study. Considering the nature of surface vehicle operations, a three-degrees-of-freedom (3 DOF) kinematic model is employed to describe the motion of the USV. The state vector that represents the vehicle's motion is
where the x and y are the vehicle's position defined in the global frame, ψ is the Euler angles, and u and v are the linear velocity in the body-fixed frame.
The vehicle's position and heading angle are obtained by integrating linear accelerations and angular rates given by an inertial measurement unit (IMU). The equations of the motion model of the vehicle are expressed aṡ
where zu and zv represent the linear acceleration measurements and the z r represents the angular rate measurement, which are provided by the IMU measurements. Considering a nearly-constant-velocity motion in the longitudinal direction, the damping factor α and the nominal operating velocity u 0 are introduced in the equation (Han et al. (2014) ).
The system kinematics can also be expressed considering the motion models of the vehicle which can be written as
where f (x v , z imu ) is the motion model in Eq. (6) and w is the zero-mean Gaussian process noise, which reflects the uncertainty in the system.
The position uncertainties of a dead-reckoning system increases over time unless external position fixes are provided. To reduce the uncertainty, the coastline registration results are employed in this study. From the coastline matching, position measurements are provided and the equation is expressed as
where z x , z y and z ψ denote the measurements from the ICP-based coastline matching and the v is the measurement noise, which is assumed to follow a zero-mean Gaussian distribution. The measurement noise is evaluated considering the inlier ratio of corresponding points between source and target points in the scan-matching algorithm.
FIELD EXPERIMENT

Experimental setup
To verify the performance of the proposed method, field experiments were carried out at a real sea environment using a USV developed by Korea Research Institute of Ships and Ocean Engineering (KRISO). The USV was equipped with a pulse radar and a suite of motion sensors including an IMU and the Real-Time Kinematic Global Positioning System (RTK-GPS).
The proposed algorithms were implemented using SPx library (Cambridge Pixel (Online)) for radar signal processing and OpenCV library for image processing (Bradski and Kaehler (2008) ). All experiments were run on an onboard PC equipped with a Core i7 central processing unit (CPU).
(a) USV system (b) Sensor configuration 
Results
The USV performed a survey with its path length of 3 km near the coastal areas (see Fig. 1 ) and collected 1200 radar images along with synchronized GPS measurements. Using the obtained images, a prior map (coastline map) was created from the offline occupancy grid mapping and the results are described in Fig. 4 .
Coastline registration To evaluate the coastline registration alone, a set of radar data was collected from additional survey with its path length of 1.7 km. The registration was performed by matching the radar data to the coastline map once every two seconds. The registration errors in latitude and longitude direction are described in histogram form as shown in Fig. 5 . The errors are primarily concentrated within ±100 m of ground truth in the 8 km × 6 km coastline map.
Filtered localization
The registration results were incorporated into the EKF-based localization framework. Assuming that GPS signals are not available, the filtering algorithm was initialized with large uncertainty of the vehicle's position. The estimated trajectories from the proposed method are compared in Fig. 6-(a) . The dashed line represents the trajectory by the IMU-based deadreckoning and the dotted dashed line represents the filtered trajectory by the proposed navigation approach. Note that our proposed localization method only used inertial sensors for dead-reckoning and radar measurements for coastline registration. The reference trajectory (or groundtruth) by GPS measurements is described by a solid line. Initial position of the vehicle was set from 200 m compared to ground-truth, considering GPS signal disruption resulted from GPS jamming. Overall, the performance of the proposed navigation approach was found to be satisfactory. Despite the initial position error, the estimated trajectory shows well following the reference trajectory. To examine and visualize the filter's uncertainty change in time, σ envelope of the estimated position is depicted Fig. 5 . Histograms of coastline registration errors in latitude and longitude direction. Most frequently, the ICP-based registration is able to stay within ±100 m of ground truth in the 8 km × 6 km coastline map. Note that the filtering process was not applied in the results. with ellipses. The uncertainty level is well confined with a moderate range. Also, the uncertainty levels are compared when initial position error was set to be 200, 400 and 600 m and the results are described in Fig. 6-(b) . In all the case, the uncertainty level from the proposed localization method successfully converged to a moderate range.
CONCLUSION
In this study, a radar-based localization via automatic coastline matching was presented for USV navigation in a littoral area. For this, surrounding coastline information was obtained from radar measurements and a coastline map was built in the framework of an offline occupancy grid mapping.
Relative position of the vehicle with respect to the prebuilt map was estimated by the coastline matching and the position information was incorporated in an EKF-based filter structure for robust vehicle localization with no GPS position fixes.
The proposed methodology was applied and implemented to a developed USV system, and field experiments were carried out at a real sea environment. The results demonstrated the satisfactory performance and feasibility of the proposed method.
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